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Abstract
Exposure to environmental pollutants has been
associated with cellular aging in children and ado-
lescents. Individuals may vary, however, in their
sensitivity or vulnerability to the effects of envi-
ronmental pollutants. Larger hippocampal volume
has emerged as a potential index of increased sen-
sitivity to social contexts. In exploratory analyses
(N = 214), we extend work in this area by pro-
viding evidence that larger hippocampal volume in
early adolescence reflects increased sensitivity to the
effect of neighborhood pollution burden on telom-
ere length (standardized β = –0.40, 95% CI[–0.65,
–0.15]). In contrast, smaller hippocampal volume
appears to buffer this association (standardized β
= 0.02). In youth with larger hippocampal volume,
pollution burden was indirectly associated with
shorter telomere length approximately 2 years later
through shorter telomere length at baseline (indi-
rect standardized β = –0.25, 95% CI[–0.40, 0.10]).
For these youth, living in high or low pollution-
burdened neighborhoods may predispose them to
develop shorter or longer telomeres, respectively,
later in adolescence.
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1 INTRODUCTION

Exposure to environmental pollutants and contaminants, such as air pollution, heavy
metals, and pesticides, has been associated with increased risk for health problems,
from hypertension, to respiratory and cardiovascular disease, to Alzheimer’s disease, and
depression (Brook et al., 2010; Manczak et al., 2020; Mir et al., 2020; Navas et al., 2007;
Reuben et al., 2021). One mechanism that might underlie the association between pol-
lutant exposure and disease is accelerated rates of biological aging, often measured by
telomere length (Liu et al., 2021; Martens et al., 2017). Telomeres are protein caps located
at the ends of chromosomes that protect the genome and serve as a marker of cellular
aging (Blackburn, 2000). Telomere length shortens during cell division that occurs over the
course of chronological aging, leading to processes that contribute to cellular senescence,
apoptosis, and DNA damage response (e.g., mechanisms for the detection of DNA lesions
and promotion of DNA repair) (Ye et al., 2014). Pollution exposure can lead to biological
processes such as excessive inflammation and oxidative stress (Kelishadi et al., 2009; Leni
et al., 2020) that have been associated with a faster rate of telomere shortening (Houben
et al., 2008). Indeed, children and adolescents living in communities with higher levels of
pollution and contaminants have been found to have shorter telomere length (Clemente
et al., n.d.; Fillman et al., 2016; Lee et al., 2019), suggesting that the adverse effects of
pollutants on accelerated biological aging start early in life.

There are likely to be individual differences in sensitivity to the effects of pollution on
health and developmental outcomes (Trentacosta & Mulligan, 2020). In humans, much
of the work on individual variation has focused on nutritional and psychosocial char-
acteristics as protective or vulnerability factors for adverse consequences of pollution
(Trentacosta & Mulligan, 2020). For example, iron rich diets and supplements may decrease
lead concentration in blood (Kordas, 2017). Similarly, selenium supplements may help to
mitigate health effects related to mercury toxicity (Spiller et al., 2018). In research on psy-
chosocial moderators of the link between pollutant exposure and adverse health outcomes,
the associations between air pollution and stress biology in adolescents are stronger in
youth who report experiencing more severe mental health difficulties (Miller et al., 2020;
Miller et al., 2019). Further, adolescents who experience less parental psychological control
have been found to be buffered from the association between drinking water contaminants
and elevated depressive symptoms (Manczak et al., 2020), and children exposed to vio-
lence have been found to be vulnerable to the effects of air pollution on the development
of asthma (Clougherty et al., 2007). Neurobiological factors, including those that are sen-
sitive to early experience such as childhood stress (McEwen, 2012), may also interact with
pollutant exposure to affect health (Boyce, 2016). While studies such as these are promis-
ing, research to date has not considered individual variability in sensitivity to the effects of
pollution on telomere length.

The biological sensitivity to context (and differential susceptibility) and diathesis stress
models are two dominant perspectives guiding current research on sensitivity and vulner-
ability to social environments (Belsky, 2016; Boyce, 2016; Colodro-Conde et al., 2018). The
biological sensitivity to context model posits that neurobiological markers indicate plastic-
ity or malleability that predisposes individuals to develop, on one hand, better outcomes
in supportive, advantaged (i.e., resource rich) environments, but on the other hand, more
problems in adverse environments (Boyce, 2016). Conversely, the diathesis stress model
predicts that although some individuals are more vulnerable to the negative effects of
adversity, they do not fare better than do other individuals in advantaged environments
(Belsky & Pluess, 2009; Monroe & Simons et al., 1991). Researchers interested in these mod-
els have tested neurobiological functioning in adolescents as a possible moderator of the
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association between wellbeing and a number of social environmental factors, including
parenting (Deane et al., 2020), peer stress (Eisenlohr-Moul et al., 2018), and stress and fam-
ily adversity related to the COVID-19 pandemic (Miller, Chahal, et al., 2021). In the present
study we extend this literature by drawing on these theoretical models to consider sen-
sitivity versus vulnerability to a specific form of adversity in the physical environment
– pollution burden. Environmental pollutants and social adversity have been linked to
similar health outcomes in children and adolescents, including more severe internalizing
problems (LeMoult et al., 2020; Yolton et al., 2019) and accelerated biological aging (Col-
ich et al., 2020; Lee et al., 2019). In addition, pollution and social adversities affect health
through many of the same biological processes, such as inflammation and allostatic load
(McEwen & Tucker, 2011; Olvera Alvarez et al., 2018). Given that social adversity and pol-
lution share pathways to similar health outcomes, some processes may regulate sensitivity
or vulnerability to the adverse effects of both types of exposure.

The brain is the central organ in perceiving and responding to environmental input
(McEwen, 2012). Therefore, a growing body of research is examining brain-based measures
of neurobiological sensitivity and vulnerability to social adversities (Guyer, 2020; Schriber
& Guyer, 2016; Turpyn et al., 2021). Hippocampal volume is emerging from this literature as
a potential neurobiological marker of sensitivity to context. For example, compared to ado-
lescent girls with smaller hippocampal volume, girls with larger hippocampal volume have
been found to be more sensitive to effects of maternal aggression on changes in depressive
symptoms over time (Whittle et al., 2011), and further, to experience the most and least
severe depressive symptoms in the contexts of high and low maternal aggression, respec-
tively. In a sample of adolescents of Mexican-origin, Schriber et al. (2017) found that the
adverse and protective effects of community violence and family connectedness, respec-
tively, on depressive symptoms were magnified in youth with larger hippocampal volume.
In a recent study of newborn infants, Overfeld et al. (2020) found that postnatal enrich-
ment was positively associated with early cognitive development only in infants with larger
hippocampal volume. Across these studies, individuals with smaller hippocampal volume
appear to be less sensitive to both the costs and the benefits associated with environmental
support and adversity (Overfeld et al., 2020; Schriber et al., 2017; Whittle et al., 2011). It is
possible, therefore, that larger hippocampal volume is associated with increased sensitivity
to environmental context.

The hippocampus is involved in regulating psychological and biological processes such
as stress, learning, memory, and cortisol response (Bangasser & Shors, 2007; Østby et al.,
2012; Pruessner et al., 2007) that may both confer sensitivity to physical environments
and contribute to cellular aging. For example, larger hippocampal volume may support
stronger consolidation and representation of events and contexts (Østby et al., 2012), which
may increase the salience of environmental cues related to the presence versus absence of
pollution. Moreover, larger hippocampal volume has been associated with heightened cor-
tisol reactivity (Pruessner et al., 2007), which has been posited to play a role in filtering and
encoding environmental information (Del Giudice et al., 2011) and in accelerating telom-
ere shortening (Jiang et al., 2019). To date, however, studies have not considered whether
larger hippocampal volume indexes sensitivity or vulnerability to the adverse effects of
polluted environments.

In previous studies, researchers have identified larger hippocampal volume as a poten-
tial neurobiological marker of increased sensitivity to a social context (Overfeld et al., 2020;
Schriber et al., 2017; Whittle et al., 2011). In the current investigation, we explored whether
these findings extend to sensitivity to a physical context. Specifically, we evaluated whether
hippocampal volume moderates the association between neighborhood-level pollution
burden and telomere length in a manner consistent with the biological sensitivity to
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context or diathesis stress model. Consistent with findings of previous studies of neurobi-
ological sensitivity to social context, the association between pollution burden and shorter
telomere length may be stronger for youth with larger hippocampal volume; these youth
may have the longest and shortest telomere length values in the context of low and high
pollution burden, respectively. Conversely, youth with smaller hippocampal volume may
be buffered from the association between pollution burden and telomere length.

2 METHODS

2.1 Participants and procedure

Participants were adolescents from the San Francisco Bay Area who are part of an ongo-
ing, longitudinal study of early life stress and neurodevelopment during puberty (King
et al., 2019; Miller et al., 2020, 2021). 214 adolescents participated at baseline (Time 1) (121
females; mean age at baseline= 11.40, SD= 1.0; 10.3% Asian American, 20.1% biracial, 8.4%
Black, 8.4% Hispanic/Latinx, 6.5% Other, 44.4% White, 1.9% did not report; median fam-
ily income = $100K–$125K, range ≤ $5K –≥ $150K). In addition, 156 adolescents provided
useable data for the current analysis at a follow-up assessment approximately two years
later (Time 2). As reported previously (King et al., 2019; Miller et al., 2020, 2021), exclu-
sion criteria for this study included an inability to undergo magnetic resonance imaging
(MRI), a history of neurological disorder or major medical illness, cognitive, or physical
challenges that could interfere with study procedures, nonfluent English speakers, and, for
female participants, the onset of menses. Male and female participants were matched on
self-reported pubertal stage at the baseline assessment; thus, on average, males were older
than females in our sample (mean difference = 0.74 years, t(212) = 5.48, p < 0.001).

2.2 Pollution burden

Pollution burden at the census tract level was based on data provided by the Califor-
nia Environmental Protection Agency (EPA; CalEnviroScreen 3.0; OEHHA, 2017). Pollution
burden scores are based on up to 12 indicators of pollution exposures and environmental
effects (i.e., adverse environmental conditions related to pollution). Exposure indicators
are ozone concentrations, fine particulate matter concentrations, diesel particulate mat-
ter emissions, drinking water contaminants, pesticide use, toxic releases from facilities,
and traffic density. Environmental effect indicators are cleanup sites, groundwater threats,
hazardous waste, impaired water bodies, and solid waste sites and facilities. Percentile
scores for each indicator, representing levels relative to other census tracts in Califor-
nia, were averaged to create exposure and environmental effect scores. Pollution burden
scores as calculated by the California EPA were computed as the average of exposure and
half-weighted environmental effect scores (OEHHA, 2017).

2.3 MRI image acquisition and processing for hippocampal volume
measurement

As described previously (Humphreys et al., 2019; Miller, Dennis, et al., 2021), at Time
1 and Time 2 participants completed a T1-weighted MRI scan on a 3T GE Discovery
MR750 (GE Medical Systems, Milwaukee, WI, USA) at the Stanford Center for Cognitive
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and Neurobiological Imaging. T1-weighted images were collected using a spoiled echo
gradient pulse sequence that lasted 5.15 min and consisted of 186 sagittal slices,
TR/TE/TI= 6.24/2.34/450 ms, flip angle= 12◦, and voxel size= 0.9 mm× 0.9 mm× 0.9 mm.

All T1-weighted images were visually inspected for motion artifact (e.g., ringing artifacts)
prior to segmentation and volume extraction from FreeSurfer. As detailed in (Humphreys
et al., 2019; King et al., 2019), we used the “recon-all” pipeline of FreeSurfer version 5.3
to perform tissue segmentation and to estimate hippocampal volume from T1-weighted
structural images (Fischl et al., 2002). All hippocampal segmentations were visually
inspected against the T1-weighted image for accuracy by three trained technicians. We
converted hippocampal volumes for each hemisphere into z-scores. Volumes with z-scores
that were greater than 2.5 or less than −2.5 were visually inspected again for accuracy. Seg-
mented hippocampal volumes that did not pass any of these steps were excluded from
analyses. We excluded 16 and 4 left and right hippocampal volume values, respectively, at
Time 1. We excluded 17 and 1 left and right hippocampal volume values, respectively, at
Time 2. We computed bilateral hippocampal volume as the average of left and right hip-
pocampal volume. If a participant provided useable hippocampal volume for only one
hemisphere, then that value was included in the analysis. In total, we had hippocampal
volume data for 184 participants at Time 1 and 132 participants at Time 2.

2.4 Telomere length

These telomere length data were presented for different purposes in Humphreys et al.
(2020) and Miller et al. (2020). Briefly, and as described previously, genomic DNA was puri-
fied from 500 μl of saliva in the Oragene DNA Kit (DNA Genotek, Kanata, ON, Canada) with
the DNA Agencourt DNAdvance Kit (cat. No. A48705; Beckman Coulter Genomics, Brea,
CA, USA). DNA was quantified by Quant-iT PicoGreen dsDNA Assay Kit (cat. No. P7589; Life
Technologies, Grand Island, NY, USA) and run on 0.8% agarose gels to check the integrity.
DNA samples were stored at −80◦C. Telomere length measurement was adapted from the
method originally published by Cawthon (2002) (see the Supplement for further details
regarding parameters for assaying telomere length). Telomere length data were available
for 212 and 121 participants at Time 1 and Time 2, respectively.

2.5 Statistical analyses

We conducted regression analyses to examine whether hippocampal volume moderated
the association between pollution burden and telomere length at Times 1 and 2. Predictors
within the Times 1 and 2 models included participant age at saliva sample collection, sex,
intracranial volume (ICV), neighborhood poverty, pollution burden, hippocampal volume,
and the interaction between pollution burden and hippocampal volume. Neighborhood
poverty was assessed using data indicating the percentage of residents within a given cen-
sus tract with income less than two times the federal poverty level. The California EPA
converted these rates into percentiles representing poverty relative to other census tracts
in California. Sex was recoded such that male and female were −0.5 and 0.5, respectively
(see Kraemer & Blasey, 2004 for details about this centering strategy). All other predictor
variables were standardized prior to forming interaction terms. A statistically significant
interaction effect indicates that the relation between pollution burden and telomere length
varies meaningfully at different levels of hippocampal volume. To determine the form
of a statistically significant interaction effect, we conducted follow-up analyses using
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simple slope tests at 1 SD above and below the mean of hippocampal volume (see Aiken &
West, 1991 for details about simple slopes analysis). That is, we examined the associations
between pollution burden and telomere length at specific values of hippocampal volume
that we defined as representing large and small volumes. Prior to conducting regression
analyses, we used boxplots to inspect variables for extreme outliers. We defined extremely
high outliers as values more than three times the interquartile range (i.e., quartile 3 minus
quartile 1, representing the spread of the middle 50% of the data for a given variable) above
the third quartile. We defined extremely low outliers as values less than three times the
interquartile range below the first quartile. This led us to winsorize one high telomere
length value at Time 2 to the next most extreme value (Erceg-Hurn & Mirosevich, 2008).
We have used these methods to detect and winsorize outliers in prior studies (Miller et al.,
2019; Miller, Dennis, et al., 2021). We conducted two sets of models for each analysis –
one that primarily controlled for additive effects of covariates, and one that additionally
controlled for covariates as confounding variables by including interactions between each
covariate and hippocampal volume and each covariate and pollution burden (Keller, 2014).
To account for missing data, all analyses were conducted using the lavaan package in R
(Rosseel, 2012) and model parameters were generated using full information maximum
likelihood estimation (Kline, 2011).

We used three approaches to evaluate whether an interaction effect was more consis-
tent with the biological sensitivity to context model or the diathesis stress model. First,
we visually inspected interaction plots for the presence of a crossover effect, which con-
forms more to biological sensitivity to context. Second, we applied a proportion-affected
index to quantify the number of participants who are differentially affected by the mod-
erator (Roisman et al., 2012). This measure indicates the percentage of participants who
show shorter telomere length in the context of high pollution burden and the percentage of
participants who show longer telomere length in the context of low pollution burden. We
interpreted proportions closer to 0.50 as evidence in favor of the biological sensitivity to
context model because the effect is roughly equally represented at both low and high pol-
lution burden. We interpreted proportions closer to 1 as evidence in favor of the diathesis
stress model because the effect is primarily represented at high, but not at low, pollu-
tion burden. Although there are not well-established thresholds for determining whether
proportion-affected index values firmly support one theoretical model over another, Rois-
man et al. (2012) suggested using 0.84 as a default cutoff for starting to question whether
results conform more strongly with the diathesis stress than with the biological sensitiv-
ity to context model. In our analysis, a proportion-affected index above 0.84 indicates that
fewer than 16% of the participants in our sample experience longer telomere length in the
context of low pollution burden; this would not provide strong evidence for the biological
sensitivity to context model, which posits that sensitive individuals fare better than others
in more positive or supportive environments (Boyce, 2016). Our third approach to evaluate
interaction effects was to test simple slopes of hippocampal volume predicting telomere
length at high and low levels of pollution burden. We interpreted differential significant
associations between hippocampal volume and telomere length at high and low levels of
pollution burden as further evidence in favor of the biological sensitivity to context model.

3 RESULTS

Descriptive statistics and presented in Table 1. Pearson correlations are presented in
Table 2. Based on Pearson correlations, measures of telomere length and hippocampal
volume had high rank-order stability from Times 1 to 2. Older adolescents and male
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T A B L E 1 Descriptive statistics

Mean or % (SD) Range

Sex (female) 57% male/female

T1 age 11.38 (1.04) 9.17− 13.98

T2 age 13.35 (1.05) 11.15− 15.85

T1 telomere 1.50 (0.25) 0.81− 2.14

T2 telomere 1.39 (0.23) 0.93− 2.04

T1 ICV 8.3%

T2 ICV 9.2%

T1 Hippocampal volume 4249.41 (430.18) 3418.35− 5415.50

T2 Hippocampal volume 4385.27 (430.31) 3317.90− 5599.85

Neighborhood poverty 24.53% (21.34) 0− 99

Pollution Burden 32.72% (23.11) 0− 100

Note. T1 = Time 1; T2 = Time 2; ICV = intracranial volume. Neighborhood poverty and pollution burden are presented in
percentiles for a given census tract relative to other census tracts in California.

participants had larger hippocampal volume than did younger adolescents and female par-
ticipants at Times 1 and 2. Neighborhoods with greater pollution burden also had higher
rates of poverty. Telomere lengths from either time point were not significantly correlated
with hippocampal volume, pollution burden, or neighborhood poverty. Telomere length
was shorter (t(119) = 6.14, p < 0.001), and hippocampal volume was larger (t(124) = 6.53,
p < 0.001), at Time 2 than at Time 1.

The cross-sectional regression models for Times 1 and 2, controlling for additive covari-
ate effects, are presented in Table 3. Here in the text, we present the statistics for models
that control for both additive and confounding covariate effects (Keller, 2014). In the
regression model for Time 1, the interaction of pollution burden and hippocampal vol-
ume significantly predicted telomere length (β = –0.20, SE = 0.10, 95% CI[–0.39, –0.02],
p = 0.034). Figure 1 presents the simple slopes of the interaction effect. At average levels
of hippocampal volume, pollution burden was negatively associated with telomere length
(β = –0.19, SE = 0.07, 95% CI[–0.33, –0.04], p = 0.012); this association was magnified in
participants with larger hippocampal volume (β = –0.40, SE = 0.13, 95% CI[–0.65, –0.15],
p = 0.002). In contrast, in participants with smaller hippocampal volume, the association
between pollution burden and telomere length was weaker and not statistically significant
(β = 0.02, SE = 0.12, 95% CI[–0.21, 0.26], p = 0.844). Covariates in the model (sex, age, ICV,
and neighborhood poverty), and interaction between covariates and hippocampal volume
and pollution burden, were not associated with telomere length at Time 1 (all ps > 0.104).
Analyses that considered either left or right hippocampal volume yielded similar findings
to our primary model, although the interaction of left hippocampal volume with pollution
burden was not statistically significant (ps = 0.091 or 0.050 in models controlling for addi-
tive covariate effects or additive and confounding covariate effects, respectively). These
analyses are presented in the Supplement (Supporting Information).

The crossover point of the interaction effect was at a value of approximately 46 for pollu-
tion burden score; 25% of the sample lived in communities with a higher pollution burden
score than this value. This proportion-affected index value is below our 0.84 proportion
cutoff, and therefore, is more consistent with the biological sensitivity to context than
with the diathesis stress model (Roisman et al., 2012). To further evaluate the interaction
effect, we tested whether hippocampal volume was differentially associated with telom-
ere length at low and high levels of pollution burden by treating pollution burden as the
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T A B L E 3 Cross-sectional regression models at Times 1 and 2

β SE 95% CI p

Outcome: T1 Telomere Length

Sex 0.11 0.08 −04, 0.25 0.149

Age –0.12 0.07 –0.26, 0.02 0.104

ICV 0.02 0.08 –0.15, 0.19 0.818

Neighborhood poverty 0.09 0.08 –0.06, 0.24 0.223

Pollution burden –0.19 0.07 –0.34, –0.05 0.008**

Hippocampal volume 0.08 0.08 –0.09, 0.25 0.344

Pollution burden ×

Hippocampal volume
–0.16 0.07 –0.31, –0.02 0.030*

Outcome: T2 Telomere Length

Sex 0.13 0.10 –0.07, 0.33 0.202

Age –0.17 0.10 –0.37, 0.04 0.107

ICV 0.05 0.13 –0.19, 0.30 0.667

Neighborhood poverty 0.08 0.10 –0.12, 0.28 0.440

Pollution burden 0.02 0.11 –0.20, 0.24 0.829

Hippocampal volume 0.23 0.11 0.01, 0.45 0.045*

Pollution burden ×

Hippocampal volume
–0.10 0.11 –0.32, 0.12 0.364

Note. *p < 0.05, **p < 0.01. These models control for the additive effects of covariates. Results for models controlling for both
additive and confounding effects of covariates are presented in the text.

moderator variable. In communities characterized by less pollution burden, greater hip-
pocampal volume was associated with longer telomere length at Time 1 (β= 0.27, SE= 0.13,
95% CI[0.01, 0.53], p = 0.041). In communities characterized by greater pollution burden,
however, the negative association between hippocampal volume and telomere length was
not statistically significant (β = –0.15, SE = 0.13, 95% CI[–0.41, 0.11], p = 0.250).

We conducted a series of models to test whether there was a similar interaction effect at
Time 2. The association between pollution burden and telomere length at Time 2 was not
moderated by hippocampal volume at Time 1 or Time 2 (both ps > 0.294). These interac-
tion effects were also not statistically significant in a model controlling for Time 1 telomere
length (both ps> 0.522). Controlling for age, sex, and poverty, hippocampal volume at Time
2 was positively associated with telomere length at Time 2 (β= 0.18, SE= 0.08, 95% CI[0.02,
0.34], p= .024) over and above the effect of Time 1 telomere length (β= 0.68, SE= 0.05, 95%
CI[0.59, 0.78], p < 0.001).

We conducted a path analysis as a third type of model to evaluate whether, for youth with
larger hippocampal volume, pollution burden is indirectly associated with Time 2 telom-
ere length via Time 1 telomere length (see Figure 2). We computed the indirect effect as the
product of the standardized beta coefficient linking pollution burden to telomere length at
Time 1, and the standardized beta coefficient linking telomere length at Time 1 to telomere
length at Time 2. We used the product of these beta coefficients at high levels of hippocam-
pal volume, and used the Sobel test to test the statistical significance of the indirect effect
(Sobel, 1982). In youth with larger hippocampal volume at Time 1, greater pollution burden
was indirectly associated with shorter telomere length at Time 2 through shorter telomere
length at Time 1 (indirect β = –0.25, SE = 0.08, 95% CI[–0.40, 0.10], p = 0.002).

Additional analyses examining a three-way interaction effect involving age, pollu-
tion burden, and hippocampal volume, interaction effects of hippocampal volume with
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F I G U R E 1 Hippocampal volume moderates the association between pollution burden and telomere
length at Time 1. Note. The data points in the plot follow a color gradient. Smaller hippocampal volume values
are presented as lighter in color and larger hippocampal volume values are presented as darker in color

specific pollution burden indicators, as well as plots of the distributions of pollution
burden and pollution burden indicators, and plots of the correlations among pollution
indicators, are presented in the Supplement.

4 DISCUSSION

Children and adolescents growing up in areas with higher levels of environmental pollution
and contaminants may be at risk for experiencing accelerated biological aging. Indeed,
exposure to air pollution and heavy metals has been associated with shorter telomere
length in pediatric samples (Fillman et al., 2016; Lee et al., 2019). However, it is likely that
some youth are more sensitive than others to the adverse effects of pollution (Trentacosta
& Mulligan, 2020). We tested whether hippocampal volume moderated the association
between neighborhood-level pollution burden and telomere length in a sample of adoles-
cents living in the San Francisco Bay Area. We found that hippocampal volume interacted
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F I G U R E 2 Path analysis model testing whether pollution burden is indirectly associated with Time 2
telomere length via Time 1 telomere length for adolescents with larger hippocampal volume. Note. *p < 0.05,
**p < 0.01, ***p < 0.001

with pollution burden in a manner consistent with the biological sensitivity to context
model (Belsky, 2016; Boyce, 2016). Specifically, at average levels of hippocampal volume,
greater pollution burden was associated with shorter telomere length at our baseline
assessment. This negative association was magnified in adolescents with larger hippocam-
pal volume. In contrast, there was no association between pollution burden and telomere
length in adolescents with smaller hippocampal volume. This interaction effect was not
present at the follow-up assessment conducted approximately two years later. However,
for youth with larger hippocampal volume, pollution burden was indirectly associated with
telomere length later in adolescence through telomere length in early adolescence.

Our findings are consistent with prior research suggesting that hippocampal volume is
a neurobiological marker of susceptibility to social contexts (Schriber et al., 2017; Whit-
tle et al., 2011). In the current investigation we extended this work to consideration of a
physical context – pollution burden. Visually, the interaction effect of hippocampal vol-
ume and pollution burden on telomere length appeared to be disordinal, which is more
consistent with the biological sensitivity to context model than with the diathesis stress
model (Widaman et al., 2012). Our proportion-affected index also indicated that the inter-
action effect was consistent with the biological sensitivity to context model (Roisman et al.,
2012). However, in contrast, and contrary to what the biological sensitivity to context model
would predict, we did not find statistically significant associations between hippocampal
volume and telomere length at both low and high levels of pollution burden; hippocampal
volume was significantly (positively) associated with telomere length only under low pol-
lution burden conditions, whereas the negative association between hippocampal volume
and telomere length under high pollution conditions was not statistically significant. It is
possible that more power is needed to clarify the inconsistency that we observed between
this finding and the proportion-affected index, or that higher levels of pollution burden are
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necessary to observe the negative association between hippocampal volume and telomere
length.

Adolescents with larger hippocampal volume may be more attuned to cues of environ-
mental pollution, or may be more affected by exposure to pollution. In contrast, smaller
hippocampal volume may reflect or contribute to resilience in adolescents to the adverse
effects of pollution burden on cellular aging. One potential explanation for these findings is
that hippocampal volume tracks with psychological and biological processes that increase
openness to environmental input and that are involved in regulation of cellular aging.
Larger hippocampal volume may be related to a greater capacity for processes involved in
memory and learning, leading to stronger binding and representation of contextual cues
over time (Ergorul & Eichenbaum, 2004; Østby et al., 2012). Thus, one interpretation of our
findings is that adolescents with larger hippocampal volume process environmental input
related to the presence or absence of pollution burden more deeply and over longer periods
of time.

Hippocampal volume has also been implicated in stress biology, including increased
production of cortisol in response to challenge (Pruessner et al., 2007). Increased neuro-
biological responsivity to challenge in the hypothalamic pituitary adrenal axis (HPA-axis),
as well as other stress biology systems, may support encoding and filtering processes that
increase openness to environmental input (Del Giudice et al., 2011). Most of the studies in
this area have considered biological sensitivity to social stressors; it is important to note,
however, that specific types of pollution, such as fine particulate air pollution, have been
linked to increased reactivity in stress biology systems (Miller et al., 2020; Miller et al.,
2019). In the context of heightened pollution burden, larger hippocampal volume may be
involved in repeated or chronic activation of stress biology systems that, in turn, accel-
erates telomere erosion (Jiang et al., 2019). Conversely, larger hippocampal volume may
be related to processes that increase sensitivity to benefits that can be derived from more
advantaged and less polluted contexts, some of which may contribute to slower cellular
aging. In combination with results of prior studies (e.g., Overfeld et al., 2020; Schriber et al.,
2017; Whittle et al., 2011), our findings point to the possibility that hippocampal volume
indexes whether individuals are more or less biologically reactive, and thus more open, to
both social and physical environmental input.

It is important to place this interpretation of our findings in the context of prior research
suggesting that exposure to early life stress is associated with reduced hippocampal volume
(Hanson et al., 2015; Humphreys et al., 2019). The hippocampus is rich in glucocorticoid
receptors (Jacobson & Sapolsky, 1991), and exposure to glucocorticoids as a result of stress
can disrupt neurogenesis and synaptogenesis processes, ultimately leading to alterations
in hippocampal volume. If early life stress is associated with smaller hippocampal vol-
ume, why would this neurophenotype, in our study and in prior studies (Deane et al.,
2020; Schriber et al., 2017), appear to limit or mitigate adverse environmental effects? One
potential consequence of altered neurobiology following early life stress is reduced plastic-
ity (Callaghan & Tottenham, 2016) or reduced openness to environmental influence (Del
Giudice et al., 2011). In this context, it is possible that while some neural alterations fol-
lowing early life stress serve as pathways that increase risk for health problems, they may
also help to limit adolescents’ sensitivity to subsequent negative experiences (Miller et al.,
2022). From this perspective, relative insensitivity to environmental influence related to
reduced hippocampal volume may be a developmental adaptation to early life stress that
helps to limit both vulnerability and openness to subsequent negative and positive experi-
ences (Miller et al., 2022). In our study, youth with smaller hippocampal volume appeared
to be less vulnerable to the adverse effects of high pollution burden on telomere length, but
also did not have longer telomere length in the context of low pollution burden. We believe
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that these findings, combined with prior work on early life stress, fit with a developmental
adaptation framework.

In accord with prior studies of adolescents, telomere length decreased and hippocam-
pal volume increased from Time 1 to Time 2 (Coupé et al., 2017; Humphreys et al., 2016;
Wierenga et al., 2014). In addition, individual differences in telomere length and hippocam-
pal volume were highly stable over time. However, the interactive effect of hippocampal
volume and pollution burden on telomere length was not present at the follow-up assess-
ment. In addition, the interaction effect did not prospectively predict the development of
telomere length at Time 2. The presence of a statistically significant interaction effect at
Time 1 but not at Time 2 may be due to the relatively lower rank-order stability of telomere
length, compared to hippocampal volume, over time. A larger sample may be necessary
to detect a statistically significant interaction effect at Time 2. Nevertheless, for adoles-
cents with larger hippocampal volume, there was an indirect effect of pollution burden
on telomere length at Time 2 through telomere length at Time 1. Thus, for adolescents with
larger hippocampal volume, pollution burden may be particularly relevant to cellular aging
processes early in adolescence rather than being directly involved in changes in telomere
length over the course of adolescence. Nevertheless, for these adolescents, the effect of high
or low pollution burden on telomere length in early adolescence may predispose them to
develop shorter or longer telomere length, respectively, later in adolescence. It is possi-
ble that the association between pollution exposure and telomere length, and individual
differences in susceptibility, are present prior to adolescence. For example, recent work
suggests that maternal prenatal exposure to higher levels of air pollution is associated with
shorter newborn telomere length, particularly in males (Song et al., 2019). Interestingly,
larger hippocampal volume in infancy has been found to reflect increased sensitivity to
environmental enrichment (Overfeld et al., 2020). In the future, researchers should test the
possibility that hippocampal volume moderates the links between pollution and cellular
aging metrics in infancy and childhood.

We should note that previous research on environmental effects and telomere length has
focused primarily on specific pollutants (Fillman et al., 2016; Lee et al., 2019); in contrast,
we focused on a broader measure of pollution burden that is based on multiple census tract
indices of pollutant levels and adverse environmental effects related to pollution. We found
that interaction effects were largely not present for specific indicators of pollution burden,
potentially due in part to the distributions of these variables (see Supplement). Conversely,
overall pollution burden may reflect an important feature of the environment for some
adolescents. Specifically, the cumulative risks and adversities related to the degree of com-
munity pollution burden may heighten risk for shorter telomere length, and hippocampal
volume may indicate processes that buffer or exacerbate pollution burden-related
effects. Recent research has demonstrated the importance of neurobiological measures
in buffering against or exacerbating against the negative effects of other community-
level factors, such as neighborhood violence, on adolescent health (Miller et al., 2018).
The present study extends this work by providing evidence that hippocampal volume
moderates risk for accelerated cellular aging in adolescents who live in more polluted
communities.

We should note five limitations of this study. First, the current analyses were not part
of the original aims of our longitudinal study. Consequently, we did not have complete
residential address histories for participants and, therefore, cannot estimate cumulative
pollution burden. It is likely, however, that even if they move, individuals grow up in similar
communities over the course of childhood and adolescence, and thus experience relatively
stable levels of pollution burden. Nevertheless, it will be important for future longitudi-
nal research examining biological sensitivity to physical contexts to consider timing and
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duration effects of pollution. Indeed, our findings suggest that hippocampal volume mod-
erates how pollution burden is associated with telomere length in earlier adolescence,
but that this interaction effect does not directly predict telomere length later in adoles-
cence. Second, our measure of pollution burden is not a measure of personal exposure,
and does not elucidate the specific pollutants or adverse environmental conditions that are
implicated most strongly in telomere length. Studies that consider biomarkers of exposure
(Trentacosta & Mulligan, 2020) and personal monitoring of pollutant levels across multiple
environments (Gulliver & Briggs, 2004) will be important for more accurately estimating
exposures and identifying specific environmental mechanisms of variability in telomere
length. Third, our findings do not provide causal evidence for the link between greater
pollution burden and shorter telomere length. It is possible that hippocampal volume
regulates sensitivity to unmeasured environmental features that co-occur with overall pol-
lution, such as noise pollution or traffic. As a related point, our findings do not speak to
whether a specific type of pollution is particularly relevant to telomere shortening. Future
research should consider whether changes in pollution burden, or changes in exposure
to specific types of pollutants, may affect cellular aging metrics differently for youth with
larger versus smaller hippocampal volume. Fourth, we examined high versus low neigh-
borhood pollution burden, similar to prior studies of biological sensitivity to context that
considered high versus low levels of social adversity (Miller, Chahal, et al., 2021; Obradović
et al., 2011; Obradović et al., 2010). Low levels of pollution burden may not necessar-
ily imply the presence of positive, enriching physical contexts (e.g., safe green and blue
spaces). It will be important to consider positive features and resources of neighborhoods
to test more comprehensively biological sensitivity to physical contexts. Finally, we used
telomere length during adolescence as our outcome measure. There is debate regarding
which health outcomes are linked specifically to shorter telomere length (Smith et al.,
2019); therefore, beyond a consideration of cellular aging processes in adolescence, the
implications of our findings for short- and long-term health are less clear.

Despite these limitations, the current study provides novel evidence that hippocampal
volume moderates the association between neighborhood pollution burden and telomere
length in early adolescence. Adolescents with larger hippocampal volume had both the
longest and the shortest telomere length at our baseline assessment in the context of low
and high pollution burden, respectively. In contrast, adolescents with smaller hippocam-
pal volume were buffered from the link between pollution burden and telomere length.
This work extends the biological sensitivity context model to include a consideration of
individual differences in risk and resilience to the harmful effects of pollution on health.
Further, for youth with larger hippocampal volume, pollution burden was indirectly asso-
ciated with telomere length 2 years later through its association with telomere length in
early adolescence. Thus, for some adolescents, living in more or less polluted communities
may predispose them to experience faster or slower cellular aging processes that are stable
during adolescence.
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Obradović, J., Bush, N. R., Stamperdahl, J., Adler, N. E., & Boyce, W. T. (2010). Biological sensitivity to context: The
interactive effects of stress reactivity and family adversity on socioemotional behavior and school readiness.
Child Development, 81(1), 270–289. https://doi.org/10.1111/j.1467-8624.2009.01394.x

Overfeld, J., Entringer, S., Rasmussen, J. M., Heim, C. M., Styner, M. A., Gilmore, J. H., … Buss, C. (2020). Neona-
tal hippocampal volume moderates the effects of early postnatal enrichment on cognitive development.
Developmental Cognitive Neuroscience, 45, 100820. https://doi.org/10.1016/j.dcn.2020.100820

Olvera Alvarez, H. A., Kubzansky, L. D., Campen, M. J., & Slavich, G. M. (2018). Early life stress, air pollution,
inflammation, and disease: An integrative review and immunologic model of social-environmental adversity
and lifespan health. Neuroscience & Biobehavioral Reviews, 92, 226–242. https://doi.org/10.1016/j.neubiorev.
2018.06.002

Østby, Y., Tamnes, C. K., Fjell, A. M., & Walhovd, K. B. (2012). Dissociating Memory Processes in the Developing
Brain: The Role of Hippocampal Volume and Cortical Thickness in Recall after Minutes versus Days. Cerebral
Cortex, 22(2), 381–390. https://doi.org/10.1093/cercor/bhr116

OEHHA. (2017).Update to the California Communities Environmental Health Screening Tool, CalEnviroScreen
3.0. https://oehha.ca.gov/media/downloads/calenviroscreen/report/ces3report.pdf

Pruessner, M., Pruessner, J. C., Hellhammer, D. H., Bruce Pike, G., & Lupien, S. J. (2007). The associations among
hippocampal volume, cortisol reactivity, and memory performance in healthy young men. Psychiatry Research:
Neuroimaging, 155(1), 1–10. https://doi.org/10.1016/j.pscychresns.2006.12.007

Reuben, A., Arseneault, L., Beddows, A., Beevers, S. D., Moffitt, T. E., Ambler, A., … Fisher, H. L. (2021). Association
of air pollution exposure in childhood and adolescence with psychopathology at the transition to adulthood.
JAMA Network Open, 4(4), e217508. https://doi.org/10.1001/jamanetworkopen.2021.7508

https://doi.org/10.1073/pnas.1810067115
https://doi.org/10.1073/pnas.1810067115
https://doi.org/10.1007/7854_2022_302
https://doi.org/10.1007/7854_2022_302
https://doi.org/10.1017/S095457942100033X
https://doi.org/10.1093/cercor/bhab346
https://doi.org/10.1016/j.cpnec.2020.100015
https://doi.org/10.1097/PSY.0000000000000714
https://doi.org/10.1093/cercor/bhaa057
https://doi.org/10.1016/j.bpsgos.2021.07.005
https://doi.org/10.1007/s11356-020-09964-x
https://doi.org/10.1037/0033-2909.110.3.406
https://doi.org/10.1037/0033-2909.110.3.406
https://doi.org/10.1289/ehp.9785
https://doi.org/10.1017/S0954579410000672
https://doi.org/10.1111/j.1467-8624.2009.01394.x
https://doi.org/10.1016/j.dcn.2020.100820
https://doi.org/10.1016/j.neubiorev.2018.06.002
https://doi.org/10.1016/j.neubiorev.2018.06.002
https://doi.org/10.1093/cercor/bhr116
https://oehha.ca.gov/media/downloads/calenviroscreen/report/ces3report.pdf
https://doi.org/10.1016/j.pscychresns.2006.12.007
https://doi.org/10.1001/jamanetworkopen.2021.7508


18 MILLER et al.

Roisman, G. I., Newman, D. A., Fraley, R. C., Haltigan, J. D., Groh, A. M., & Haydon, K. C. (2012). Distin-
guishing differential susceptibility from diathesis–stress: Recommendations for evaluating interaction effects.
Development and Psychopathology, 24(2), 389–409. https://doi.org/10.1017/S0954579412000065

Rosseel, Y. (2012). lavaan: An R package for structural equation modeling. Journal of Statistical Software, 48(1),
1–36. https://doi.org/10.18637/jss.v048.i02

Schriber, R. A., Anbari, Z., Robins, R. W., Conger, R. D., Hastings, P. D., & Guyer, A. E. (2017). Hippocampal volume
as an amplifier of the effect of social context on adolescent depression. Clinical Psychological Science, 5(4),
632–649. https://doi.org/10.1177/2167702617699277

Schriber, R. A., & Guyer, A. E. (2016). Adolescent neurobiological susceptibility to social context. Developmental
Cognitive Neuroscience, 19, 1–18. https://doi.org/10.1016/j.dcn.2015.12.009

Smith, L., Luchini, C., Demurtas, J., Soysal, P., Stubbs, B., Hamer, M., … Veronese, N. (2019). Telomere length and
health outcomes: An umbrella review of systematic reviews and meta-analyses of observational studies. Ageing
Research Reviews, 51, 1–10. https://doi.org/10.1016/j.arr.2019.02.003

Sobel, M. E. (1982). Asymptotic Confidence Intervals for Indirect Effects in Structural Equation Models.
Sociological Methodology, 13, 290–312. https://doi.org/10.2307/270723

Song, L., Zhang, B., Liu, B., Wu, M., Zhang, L., Wang, L., … Wang, Y. (2019). Effects of maternal exposure to ambient
air pollution on newborn telomere length. Environment International, 128, 254–260. https://doi.org/10.1016/
j.envint.2019.04.064

Spiller, H. A. (2018). Rethinking mercury: The role of selenium in the pathophysiology of mercury toxicity. Clinical
Toxicology, 56(5), 313–326. https://doi.org/10.1080/15563650.2017.1400555

Trentacosta, C. J., & Mulligan, D. J. (2020). New directions in understanding the role of environmental contam-
inants in child development: Four themes. New Directions for Child and Adolescent Development, 2020(172),
39–51. https://doi.org/10.1002/cad.20363

Turpyn, C. C., Jorgensen, N. A., Prinstein, M. J., Lindquist, K. A., & Telzer, E. H. (2021). Social neural sensitivity
as a susceptibility marker to family context in predicting adolescent externalizing behavior. Developmental
Cognitive Neuroscience, 51, 100993. https://doi.org/10.1016/j.dcn.2021.100993

Whittle, S., Yap, M. B. H., Sheeber, L., Dudgeon, P., Yücel, M., Pantelis, C., … Allen, N. B. (2011). Hippocampal vol-
ume and sensitivity to maternal aggressive behavior: A prospective study of adolescent depressive symptoms.
Development and Psychopathology, 23(1), 115–129. https://doi.org/10.1017/S0954579410000684

Widaman, K. F., Helm, J. L., Castro-Schilo, L., Pluess, M., Stallings, M. C., & Belsky, J. (2012). Distinguishing ordinal
and disordinal interactions. Psychological Methods, 17(4), 615–622. https://doi.org/10.1037/a0030003

Wierenga, L. M., Langen, M., Oranje, B., & Durston, S. (2014). Unique developmental trajectories of cortical
thickness and surface area. Neuroimage, 87, 120–126. https://doi.org/10.1016/j.neuroimage.2013.11.010

Ye, J., Renault, V. M., Jamet, K., & Gilson, E. (2014). Transcriptional outcome of telomere signalling. Nature Reviews
Genetics, 15(7), 491–503. https://doi.org/10.1038/nrg3743

Yolton, K., Khoury, J. C., Burkle, J., LeMasters, G., Cecil, K., & Ryan, P. (2019). Lifetime exposure to traffic-related
air pollution and symptoms of depression and anxiety at age 12 years. Environmental Research, 173, 199–206.
https://doi.org/10.1016/j.envres.2019.03.005

S U P P O R T I N G I N F O R M A T I O N
Additional supporting information can be found online in the Supporting Information
section at the end of this article.

How to cite this article: Miller, J. G., Buthmann, J. L., & Gotlib, I. H. (2022).
Hippocampal volume indexes neurobiological sensitivity to the effect of pollution
burden on telomere length in adolescents. New Directions for Child and Adolescent
Development, 1–18. https://doi.org/10.1002/cad.20471

https://doi.org/10.1017/S0954579412000065
https://doi.org/10.18637/jss.v048.i02
https://doi.org/10.1177/2167702617699277
https://doi.org/10.1016/j.dcn.2015.12.009
https://doi.org/10.1016/j.arr.2019.02.003
https://doi.org/10.2307/270723
https://doi.org/10.1016/j.envint.2019.04.064
https://doi.org/10.1016/j.envint.2019.04.064
https://doi.org/10.1080/15563650.2017.1400555
https://doi.org/10.1002/cad.20363
https://doi.org/10.1016/j.dcn.2021.100993
https://doi.org/10.1017/S0954579410000684
https://doi.org/10.1037/a0030003
https://doi.org/10.1016/j.neuroimage.2013.11.010
https://doi.org/10.1038/nrg3743
https://doi.org/10.1016/j.envres.2019.03.005
https://doi.org/10.1002/cad.20471

	Hippocampal volume indexes neurobiological sensitivity to the effect of pollution burden on telomere length in adolescents
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Participants and procedure
	2.2 | Pollution burden
	2.3 | MRI image acquisition and processing for hippocampal volume measurement
	2.4 | Telomere length
	2.5 | Statistical analyses

	3 | RESULTS
	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES
	SUPPORTING INFORMATION


